Parasitic protozoa, such as the causative agents for leishmaniasis, malaria, and trypanosomiasis, are important human pathogens. Among the diseases caused by Leishmania is a severe form known as visceral leishmaniasis (VL). Diagnostic methods for human VL often rely on detection of parasitespecific antibodies (27, 30, 34) . Among defined leishmanial antigens reported previously, rK39 (7) is the most widely antigen for serodiagnosis of VL in terms of both sensitivity and specificity, particularly in Brazil, India, and Nepal (3, 33, 35) . However, new diagnostic antigens are needed to complement rK39 for developing more sensitive diagnostics for VL, particularly in Africa (37) .
Proteins containing tandem repeats (TR) are known targets of B-cell responses (21, 28) . Genes encoding proteins with TR, consisting of two or more copies of a pattern of nucleotides, have been found in many protozoan parasites, usually by expression cloning methods, although no systematic search for TR-containing proteins has been reported. Antibody responses toward the encoded TR domains have been found in various parasitic diseases such as leishmaniasis, malaria, and Chagas' disease (5, 7-11, 16, 17, 19, 22, 29, 32, 36) .
In a previous study, we have found that serological screening of a DNA library revealed a disproportional number of serological antigens containing TR (16) . Because dominant antigens often contain TR domains, we hypothesized that a bioinformatic approach to identify TR proteins according to their sequences could be useful for antigen identification. In the present study, we computationally searched the database of L. infantum, one of the causative agents of VL, resulting in the identification of 64 TR genes from 8,191 genes analyzed. These 64 genes contained 22 genes encoding previously characterized antigens; the remaining 42 genes were previously uncharacterized.
Furthermore, we confirmed that VL patient sera recognized some of the novel TR proteins. Taken together, the results shown here suggest that L. infantum TR proteins may be antigenic and that a bioinformatic approach to discover TR proteins is useful for identifying such antigens.
MATERIALS AND METHODS
Bioinformatic screening of TR genes. For comparative purposes, we analyzed available DNA sequence data of L. major (20) , L. infantum, Trypanosoma brucei (4), Plasmodium falciparum (14) , and Theileria annulata (25) obtained from GeneDB (http://www.genedb.org/) (18) . Tandem Repeats Finder (http://tandem .bu.edu/trf/trf.html), a program to locate and display TR in DNA sequences, was used for this analysis (2) . The program calculates the score according to the characteristics of the TR genes such as the period size of the repeat, the number of copies aligned with the consensus pattern, and the percentage of matches between adjacent copies overall. A high score indicates that the gene possesses a large TR sequence and that the repeat is highly conserved among the copies. For example, a gene with 10 copies of a 30-bp repeat and a gene with 5 copies of a 60-bp repeat, both of which have a 300-bp TR domain, have a score of 600 (ϭ300 ϫ 2). In the present study, the genes were regarded as TR genes if the scores from the Tandem Repeats Finder analysis were 500 or higher. The cutoff value of 500 is likely to eliminate genes with repeat domains whose sizes are less than 250 bp. When more than one TR domain was found within a gene, only the domain with the highest score was listed or used for further analyses and protein production. Spliced DNA sequences were used for the analysis in order to ensure that the nucleotide repeats found are likely to reflect repeats in peptide sequence.
Expression of recombinant proteins. Cloning of TR domains of LinJ11.0070, LinJ21.2010, LinJ25.1100, LinJ27.0400, LinJ29.0110, and LinJ32.3710, and expression and purification of the encoded proteins were performed as described previously (16) . In brief, sequences encoding whole or partial TR domains were amplified by PCR with L. infantum total DNA using primer sets as following, LinJ11.0070, 5Ј-CAA TTA CAT ATG CTC CGC CAC CAG CTG GCC and 3Ј-CAA TTA AAG CTT CTA CTG CTC CAG CTC CTC TGC; LinJ25.1100, 5Ј-CAA TTA CAT ATG GAG GAC ACG AGG ATA ACC and 3Ј-CAA TTA AAG CTT CTA TTC AGG CTC CTC GGC TGA C; LinJ27.0400, 5Ј-CAA TTA CAT ATG CGC GCG CAC GAC CTT GCG and 3Ј-CAA TTA AAG CTT CTA GTC GTT CAT CCT CCT CTC; and LinJ29.0110, 5Ј-CAA TTA CAT ATG GAG ATT CAA GCG CTA CGC and 3Ј-CAA TTA AAG CTT CTA AAC CTC CTC CAG ACC ACC. Parasites were dissolved in Tris-EDTA buffer containing 1% sodium dodecyl sulfate, and the total DNA was purified by phenol-chloroform purification following sequential RNase and proteinase K treatment for use as a template for PCRs. The amplified PCR products were inserted in-frame with a His 6 tag into the vector pET-28a, and sequences of the inserts were confirmed against the L. infantum GeneDB database. The vectors were then transformed into Escherichia coli, and the recombinant proteins were purified as His 6 -tagged proteins.
ELISA. The expressed TR-containing proteins were analyzed for seroreactivity using panels of patient and control sera. L. infantum soluble lysate antigen (SLA) was used as a positive control and a Mycobacterium leprae antigen ML2331 was used as an irrelevant antigen (26) . Proteins were diluted in an enzyme-linked immunosorbent assay (ELISA) coating buffer, and 96-well plates were coated with 1 g of L. infantum SLA or 200 ng of individual recombinant antigens, followed by blocking with phosphate-buffered saline containing 0.05% Tween 20 and 1% bovine serum albumin. Plates were incubated with VL patient sera (n ϭ 16, tested individually, not pooled, human immunodeficiency virus negative), as well as sera from healthy donors in the United States (n ϭ 8) at a 1:100 dilution and then with horseradish peroxidase-conjugated anti-human immunoglobulin G (Rockland Immunochemicals, Inc., Gilbertsville, PA). The plates were developed with tetramethylbenzidine peroxidase substrate (Kirkegaard & Perry Laboratories, Gaithersburg, MD) and read by a microplate reader at 450 nm (570-nm reference).
Analysis of amino acid compositions of TR proteins. The L. infantum TR proteins were analyzed to determine their isoelectric points (pIs) by using the EditSeq software package (DNASTAR, Inc., Madison, WI). As a control, 108 genes, randomly selected from the L. infantum gene database, were also analyzed for the pI and amino acid compositions of their deduced amino acid sequences. TR proteins were further analyzed for amino acid composition in the whole proteins, TR domains, and non-TR regions by using the EditSeq.
RESULTS

Identification of TR genes from a L. infantum gene database.
The database used contained a number of putative genes on which we performed analyses. Of 8, 191 L. infantum gene sequences analyzed by Tandem Repeats Finder, 64 genes (0.78%) were identified as genes containing TR regions based on an arbitrary cutoff score of 500 ( Table 1 When these selected TR genes were sorted by their TR scores, the trypanosomatid and the apicomplexa showed different patterns. P. falciparum and T. annulata were rich in TR genes with TR scores of Ͻ1000 (Table 1 ). In contrast, L. major, L. infantum, and T. brucei were rich in large TR genes, with their peaks between scores 2000 and 4999. Although the number of total TR genes was greater in P. falciparum, TR genes with a TR score of 2000 or higher were found more in L. infantum (39 and 10 in L. infantum and P. falciparum, respectively).
These 64 genes included 5 genes encoding the previously well-characterized antigens, K26, K39, A2, and Lt-1 (5, 7, 13, 15), as well as 17 genes also identified by serological screening in our recent study (16) ( Table 2 ). The remaining 42 genes, however, were previously uncharacterized. Molecular masses of the TR proteins were 180 kDa in average, ranging from 24 to 687 kDa. Individual copy of the repeats ranged in size from 6 to 483 bp (2 to 161 amino acids [aa] ). The repeat of each TR gene was highly conserved among copies, 95% on average ranging from 75 to 99% in nucleotide sequence, and more highly in amino acid sequence identity. These TR genes were found on 26 of 36 chromosomes, and the highest number of TR genes was found on chromosomes 14, 22, and 35. A number of putative genes from the database either did not have start or stop codons or had stop codons within the genes. These are shown as "incomplete" genes in Table 2 . The other genes, which have both start and stop codons, are shown as "complete" genes. Of 64 genes identified, 50 were complete and 14 were incomplete.
Recognition of Leishmania TR proteins by Sudanese VL patient sera. Although some proteins containing TR, which we identified by the computational screening, were antigens previously identified by serological screening, this did not guarantee the antigenicity of the remaining, previously uncharacterized TR proteins. We next examined the antigenicity of TR proteins previously uncharacterized and identified solely from the computational screening. Because the TR domains are often B-cell epitopes, we focused on the TR regions of these genes instead of entire open reading frames. Of the 42 previously unidentified genes, 10 were incomplete genes and were excluded from the list of proteins to be pursued. LinJ09.0950 (polyubiquitin) showed similarity to ubiquitin in mammals and was excluded from further study. Of the remaining 31 complete genes, some had very large TR domains which were not practical to clone in full. Also, it was difficult to sequence the cloned TR if larger than 1 kb because internal primers could match with multiple sites within the repeats.
Thus, we cloned entire TR regions if they were smaller than 1 kb and the partial TR regions if they were larger than 1 kb. For cloning of TR of less than 1 kb, primers matching with sequences flanking outside the TR domain were used for PCR. In this case, a single band was expected for each gene. For cloning of TR of more than 1 kb, primers matching with both ends of the TR were used for PCR by which ladder bands corresponding to a single or multiple repeats were amplified. To avoid losing possible epitope(s) which may lie between repeats, a band corresponding to not a single repeat but multiple copies of TR was used for cloning. If one copy of TR was By sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis, rLinJ11.0070r2 (with 2 copies of 46 aa), rLinJ21.2010TR (with 5.3 copies of 64 aa), rLinJ27.0400r2 (with 2 copies of 68 aa), rLinJ29.29.0110TR (with 28.8 copies of 8 aa), and LinJ32.3710TR (with 3.9 copies of 33 aa) showed apparent molecular masses similar to those expected (12, 38, 18, 31, and 17 kDa, respectively; Fig. 1 ). The apparent molecular mass of rLinJ25.1100TR (9.6 copies of 22 aa) was around 54 kDa and was larger than the expected size (27 kDa).
We then examined the presence of antibodies in Sudanese VL patient sera to these TR proteins. Two, rLinJ27.0400r2 and rLinJ29.0110TR, showed good reactivity to the VL patient sera with higher peak responses than that of L. infantum SLA (Fig.  2) . rLinJ11.0070r2 and rLinJ25.1100TR showed intermediate reactivity to the VL patient sera; none of the four antigens were recognized by sera from healthy donors. VL patient sera showed only a weak antibody response to an irrelevant Mycobacterium leprae antigen ML2331 (26) . Compared to the reactivity of the irrelevant antigen, rLinJ11.0070r2, rLinJ25.1100TR, rLinJ27.0400r2, and rLinJ29.29.0110TR, as well as L. infantum SLA, showed significantly stronger reactivity to the VL patient sera, whereas rLinJ21.2010TR or LinJ32.3710TR did not detect VL-specific antibodies (P Ͻ 0.05 on rLinJ11.0070r2, P Ͻ 0.01 on rLinJ25.1100TR, and P Ͻ 0.001 on rLinJ27.0400r2, rLinJ29.29.0110TR, and L. infantum SLA by unpaired t test).
Abundance of strongly acidic amino acids in TR domains. Since a number of TR domains of L. infantum TR proteins, including those in the present study, have been found to be recognized by VL patient sera, we sought characteristics of the TR domains. The 50 "complete" TR genes in Table 2 were analyzed for the isoelectric point (pI) of their deduced amino acid sequences and compared to those of L. infantum proteins randomly selected from the database. Randomly selected proteins showed various pIs with a normal distribution (according to the KS normality test), 7.7 as the mean pI (with a 95% confidence interval of 7.3 to 8.0), which is close to the physiological pH (Fig. 3) . In contrast, the pIs of TR proteins showed dichotomous distribution. The mean pI of the 50 "complete" TR proteins was 6.0, which is statistically lower than that of the randomly selected proteins (P Ͻ 0.0001 according to the Mann-Whitney test). The 50 "complete" TR proteins contained putative proteins whose expression or antigenicity has not been characterized. When 22 TR proteins, including 18 identified in previous studies (see references in Table 2 ) and 4 whose antigenicities were characterized in the present study (i.e., rLinJ11.0070r2, rLinJ25.1100TR, rLinJ27.0400r2, and rLinJ29.29.0110TR), were analyzed, the mean pI was 5.5, which is statistically lower than that of the randomly selected proteins (P Ͻ 0.0001 [Mann-Whitney test]), whereas no difference was observed compared to the 50 "complete" TR proteins. A total of 37% (40 of 108) of the randomly selected proteins were acidic, with pIs of Ͻ7, whereas most of the antigenic TR proteins were acidic (19 of 22 [86%] ). 
DISCUSSION
Although antigenic TR proteins have been identified in protozoan parasites, no systematic bioinformatic approach to identify and characterize such proteins has been reported. Therefore, we approached antigen identification by computational screening of TR proteins, focusing especially on Leishmania. In the present study, 64 of 8,191 L. infantum genes (0.78%) were identified as containing TR domains. In a previous study, we identified 43 genes encoding antigenic proteins by serological screening, 19 of which (44%) contained TR (16) . This indicates the potency of TR proteins as antigens recognized by patient sera. In addition, 64 genes identified in the present study included 22 genes previously characterized as coding for antigens. We identified, through bioinformatic analysis of TR domains, previously uncharacterized antigens with serodiagnostic potential. Taken together, these results demonstrate the usefulness of the bioinformatic analysis for finding parasite antigens.
This screening approach may be applicable to other protozoan parasites such as Plasmodium and Trypanosoma. Indeed, we found genes encoding previously characterized TR antigens such as Plasmodium CSP, FIRA, RESA, and S antigen (9) (10) (11) 32) by screening the parasite database using the Tandem Repeats Finder. Although we did not test the antigenicity of Plasmodium or Trypanosoma TR proteins found using this bioinformatic method but which had not been characterized previously, the data on Leishmania suggest the potential antigenicity of those as well. Furthermore, it is of interest that some cancer antigens to which patients show antibody responses contain TR domains (23, 24) , suggesting that TR domains tend to be antigenic despite the origin.
With the exception of peptide epitope prediction, there have been a limited number of bioinformatic approaches to antigen discovery. One approach has been to identify sequences likely to encode secreted or surface proteins (1, 6) . However, this approach has not led to the discovery of the most effective antigens. For example, rK39, the best diagnostic antigen of VL, is a kinesinrelated protein, which does not have predicted signal sequences or transmembrane domains. The results in the present study suggest that our unique computational approach can be very useful to complement existing screening methods, including serological expression cloning to find antigens.
TR domains of L. infantum proteins could be highly antigenic for a variety of reasons. The existence of multiple copies of antigenic units may result in increased exposure to the immune system. Besides that, in the present study we have identified the tendency of L. infantum TR proteins to possess charges. Charged (hydrophilic) proteins are likely to be more potent as B-cell antigens than hydrophobic proteins. In fact, most of previously reported antigens of L. donovani complex, not only TR proteins but also non-TR proteins such as acidic ribosomal proteins or heat shock proteins (12, 31) , are highly charged. TR domains seem to contribute to the acidic or basic character of the proteins, since there is a higher prevalence of strongly charged amino acids (D, E, K, and R) in the TR domains than in the non-TR domains (data not shown). These two factors, repetition and hydrophilicity, may explain the antigenicity of the TR domains.
It is intriguing that trypanosomatid parasites, which include Leishmania and Trypanosoma species, are rich in relatively large TR genes compared to the apicomplexa, which include the malarial parasites Plasmodium, even though a large amount of nucleotide repeats are found in both of these parasite groups in the genomic DNA sequence. In contrast to Leishmania, P. falciparum is rich in a large number of small TR genes. When the cutoff value of the TR score was decreased to 150 instead of 500, 1,316 of 5,513 P. falciparum genes would be regarded as TR genes versus only 99 in L. infantum (data not shown). Exon-intron splicing often occurs in the apicomplexa, which disturbs the translation of repeat sequences in the genome to repetitive proteins. In contrast, splicing is rare in the trypanosomatid, reflecting repeats in genome and in the corresponding proteins. Thus, it is of interest how these parasites utilize such different patterns of TR, i.e., abundant small TR versus fewer but larger TR sequences.
In summary, we have demonstrated the usefulness of the bioinformatic analysis to identify antigenic parasite proteins. This study might contribute to a better understanding of immunological control, or lack thereof, during parasitic infection and possibly to antigen discovery using other pathogens as well.
